Introduction
The correct diagnosis and treatment of arterial disease requires precise information about the site, extent and haemodynamic effect of any abnormality. The mainstay of vascular imaging today is the percutaneous angiogram. This is Widely available, including out of normal working hours, and may be followed by a therapeutic manoeuvre, i.e. dissolution therapy in the acute arterial occlusion or angioplasty for localized arterial insufficiency. Where digital subtraction angiography (DSA) is available, images of high quality may be obtained with smaller gauge catheters and reduced volume contrast injections leading to a reduction in patient risk and the introduction of 'day case' arteriography.
Much of the present practice of vascular surgery has been created around the insights given by angiography into arterial disease. If new vascular imaging technologies are to be introduced, it must be on the basis that some of the technical and logistic difficulties of angiography can be overcome without compromising (or even better enhancing) the practice of vascular surgery.
There are two noninvasive imaging modalities which in recent years have significantly improved the potential to image and evaluate the arterial system. The first is ultrasound (US), which with a combination of pulse Doppler (duplex scanning) and colour Doppler imaging (COl) is increasingly used as a screen for arterial disease. The second is magnetic resonance (MR) techniques which can be used to produce images and flow information about the arteries, a technique called magnetic resonance angiography (MRA) and available in one form or another on almost all current versions of MR scanners.
Here we will attempt to describe the technical background to MRA and COl before briefly assessing some of the current opportunities for incorporating them into clinical practice.
Magnetic resonance angiography
Magnetic resonance imaging is now accepted as a highly sensitive, non-invasive method of imaging the body. Its novel tissue contrast, multiplanar imaging capability and lack of ionizing radiation have all contributed to its success.
The same physical factors and technical manipulations are employed to produce MRA images as they are with traditional cross sectional MR body images. At the heart of the magnetic resonance imager is a large super-conducting electromagnet producing a continuous strong magnetic field (called B o ) within the bore of the scanner. This field is sufficiently strong to cause water protons in the body to align along the axis of B, when the patient moves inside the machine. This resting equilibrium will be disturbed by means of a selected radiofrequency (RF) pulse at 90°to B o • The energy added to the system by the RF pulse will cause the body water protons to be tipped out of their resting alignment along B o . The degree of disturbance will be proportional to the strength and duration of the applied (RF) pulse. When the RF pulse is switched off the protons will return to their resting state by the emission of energy, also in the form of a RF pulse. This RF pulse can be detected, measured and localized on an antenna sited within the magnet bore. In practice this perturbation happens within milliseconds and by repeating the applied RF pulse while varying its nature, the computer in the MR system can translate the collected RF signal into MR images.
Tissue contrast is defined by certain characteristics of the MR signal. These are related to the rate at which protons lose energy to surrounding tissues, which is reflected in the amplitude of the radiofrequency echo. Energy loss is predominantly by two methods. First, protons may interact with large surrounding macromolecules. The rate at which this occurs will determine the speed at which protons excited by the RF pulse will return to their equilibrium position. Protons that are free moving with few interactions, as in water, experience less energy loss than protons associated with larger or more tightly bound molecules, as with protons of fat, in which the rate of energy loss will be greater. The speed at which energy is lost by this method can be measured and each tissue defined by a time constant called T1. From the above it will be seen that water will therefore have a longer T1 time constant than tissues containing protein or fat molecules. A secondary means of energy loss is between protons themselves. At the same time as this energy exchange, protons which are initially acting in phase secondary to the RF pulse, will lose phase coherence. By so doing, the MR RF echo amplitude is reduced. The rate at which this phase incoherence occurs is defined by a further time constant, 1'2.
lt can be seen from the above that the two time constants for a specific tissue will dictate the radiofrequency echo and therefore the MR signal.
Manipulation of these two factors is achieved by MR sequence selection. Alteration of the rate at which sequences are repeated (TR) will discriminate between tissues with differing Tl, i.e. if full relaxation is not permitted, fewer protons are available for RF stimulation and therefore signal formation. Similarly, the timing of echo acquisition (TE) will differentiate between tissues with differing 1'2, i.e. whose protons de-phase at different rates.
While the T1 and 1'2 relaxation constants of different tissues are one of the fundamental reasons for tissue contrast on MR imaging, these two factors are also central to the various techniques of MRA.l To date, two main techniques are utilized for imaging flowing blood: flow related contrast and phase contrast.> Standard MRI uses predominantly a technique known as spin echo imaging. However, this imaging technique is of limited value in MRA. This relates to the fact that generation of MR signal requires exposure of tissue to two RF pulses, one of 90°a nd of 180°. These pulses are slice specific. Any tissue that is not exposed to both the 90°and the 180°pulse will not produce a signal. There is a finite time period between the two RF pulses, equivalent to TE/2, which therefore defines the time window during which tissues must remain within the slice. A typical value of TE would be 50 msec giving an imaging window (TE/2) of 25 msec. lt can therefore be seen that for a slice thickness of 1 em, any blood travelling with a velocity greater than 40 em/sec (slice thick-nessITE/2) will travel through the slice without exposure to both RF pulses therefore producing a signal void within the vessel. With decreasing blood velocities, a greater proportion of the blood within the slice will be exposed to both RF pulses producing greater signal. Prior to the next RF pulse, sufficient time must elapse to allow tissues to relax back to their equilibrium position. This can be overcome when imaging flowing blood by allowing previously unstimulated blood to enter the imaging slice. This inflow effect will therefore result in increased blood signal. 500 msec is a typical value for the interval between successive pulse sequences (i.e. TR) and for the same 1 cm slice image, blood travelling at 2 em/sec will give maximal inflow enhancement. The combination, therefore, of slow inflow enhancement and rapid flow signal loss will therefore combine to give varying appearances to blood depending on its velocity. The velocity of blood in the major vessels imaged on MRI tends to be too rapid to allow imaging on spin echo sequences. These vessels therefore contain a signal void (black blood). Signal arising within a vessel on spin echo sequences is therefore suggestive of thrombus within the vessel. However, knowledge that signal can be generated on these sequences from flowing blood, allows suitable interpretation. Signal can also be generated on these sequences due to even echo re-phasing or cardiac pseudo-gating. 3 Intravascular signal therefore does not always mean intravascular thrombosis.
Specific spin echo sequences designed to accentuate black blood imaging have been designed.' These use thin slices, allowing significant washout, with presaturation of inflowing blood, to ensure black blood images even at low flow velocities. This has the advantage of more accurately identifying the degree of vascular stenoses as poststenotic turbulence merely adds to the black blood image rather than causing signal loss.
The lack of useful vascular contrast on spin echo sequences has been overcome using gradient echo techniques. By refocusing the radiofrequency echo by applying equal but opposite gradient pulses during the sequence, there is no need for the 180 0 pulse used in spin echo imaging. Because the gradients used for refocusing are not slice selective, blood may have left the imaging slice but still contributes signal to the image when refocusing occurs. A further advantage of gradient echo imaging is the reduction in scan time by using radiofrequency pulses of less than 90 0 and thereby allowing much reduced sequence repetition time (called the time to repetition or TR). The resulting bright blood effect on gradient echo imaging is as a result of the same flow related contrast that influences the spin echo images. However, there is no longer a balance between a wash-in of unsaturated protons, producing increased signal, and a wash-out of protons between the two RF pulses as the latter does not apply to gradient echo. Therefore, high signal blood imaging is possible within vessels with rapid blood flow. In addition, further contrast can also be generated: while fresh protons are flowing into the imaging slice, the stationary tissues are being exposed to repeated pulse sequences. If insufficient time is New imaging techniques and arterial disease 109 allowed for tissue relaxation (i.e. by reducing TR) increasing saturation of stationary tissues will occur. Gradient echo imaging allows substantial reduction of TR, and by so doing increases the contrast of the inflowing high signal blood versus that of the stationary tissue. Excessive reduction of TR however will eventually cause inflow signal loss if the slice thickness is too great.
The MRA techniques discussed so far have relied on flow related contrast that has effectively increased the number of protons that contribute to the vascular signal when compared with the surrounding stationary tissues. In effect, this is causing a reduction of T1 in flowing blood compared with the surrounding tissues. The other major imaging technique produces an effective 1'2 lengthening of moving blood compared with the surrounding tissue.>This utilizes the alteration in phase of protons as they move along a magnetic gradient (Equation 1). As can be seen from the equation, cf>=-yvJG(t)tdt (1) the phase changes (<I» are directly proportional to the velocity of the blood (v) and the strength of the magnetic gradient (G). If during an imaging sequence, magnetic field gradients are applied for short periods, phase shifts will be induced. These phase shifts can be undone by the application of a second equal but opposite gradient. The overall result will be to cancel signal. However, if during the time between the two pulse sequences there has been a change in position of the protons, as with moving blood, they will be exposed to unequal gradients that will not produce signal that cancels during the subtraction technique. The resultant in-phase magnetization will therefore produce increased signal compared with the subtracted background soft tissue. An alternative to this method is to keep the gradient the same but alter the velocity. By gating image acquisition to different parts of the cardiac cycle (systole and diastole) images with different vascular, but identical static tissue phase information will be produced. Subtraction of the resultant images will leave a vascular image only. 6 MRA is not limited to qualitative images but can also provide quantitative information regarding flow velocity and direction." Based on Equation 1, phase sensitive techniques are able to estimate flow velocity using phase shifts along a velocity encoding gradient. To enable quantification, the velocity encoding gradient is adjusted, with some prior knowledge of the expected velocity range, so that the resultant phase change (<I» is less than 360°. If the gradient or the duration of its application are too great then a greater than 360°phase change will be induced, which will be indistinguishable from phase changes induced by lower velocities that have not passed through 360°. If the velocity encoding gradient is too small then velocity resolution is decreased. If all velocities are assumed to be in one direction then any reverse flow will be interpreted as high velocity forward flow. To overcome this 25% of the phase range (90°phase) is allowed for reverse flow and 75% (270°phase) for forward flow.
The other means of quantification uses bolus tracking." A presaturation slab is applied across the vessel of interest. Stationary tissue will show no signal in the region of presaturation. However, the volume of blood that was within the saturation region initially, will move during image acquisition, taking the volume of saturated blood with it. This will be evident as a black stripe within the otherwise bright blood. Velocity can be calculated from knowledge of the time interval between presaturation and image acquisition, and the distance the bolus has travelled. The bolus will also indicate the direction of flow.
Image presentation is usually by maximum intensity projection (MIP).8 This algorithm uses a projected ray through a number of contiguous slices or image volume, and picks out those voxels with maximum intensity. In MRA this will therefore identify the bright signal within vessels at the expense of the low signal in stationary tissue. This has the benefit of presenting the information in a recognizable form, i.e. analogous to conventional angiograms, and ease of interpretation of complex, tortuous vessels. Extraction of information in this manner is not however without some complications and loss of overall sensitivity necessitates referral to the original image data.?
Great efforts are being made to improve MRA to make it a viable alternative to, if not an improvement upon, conventional angiography. Flow-related-contrast with gradient echo sequences have been most extensively studied and it is the modifications and improvements to this technique that will be further considered.
As already discussed, posmve flow-relatedcontrast (bright blood) relies on an effective shortening of Tl relative to the surrounding stationary tissues. However, as with all MR images, both T1 and TI effects contribute to the image and effective alteration of these will lead to changes in signal intensity. A major cause of signal loss in MRA is spin dephasing, effectively shortening the blood TI.I Equation 1
can be approximated to give:
Three factors can be manipulated to decrease the phase change occurring across the voxel: TE -the time to echo, G -the gradient strength and !::J.vthe velocity of the moving blood. Motion induced loss of phase occurs whenever there is loss of laminar flow and the blood becomes turbulent; this is especially evident in post-stenotic regions where the loss of signal can cause over-reading of the extent of stenosis. From Equation (2) it can be seen that a reduction in TE will reduce phase incoherence by reducing the available time for motion induced dephasing.
We have already seen that protons travelling along a gradient will experience a phase change.
If however gradient manipulation is such that protons do not 'see' an overall gradient (Equation (1) I G t dt = 0; eqn. (2) G = 0) then this complication will be avoided. This is the theory behind flow compensation or gradient moment nulling. Addition of a velocity and acceleration compensation gradients in any or all of the gradient directions can lead to refocusing of dephased spins. But, this will lead to compromise of TE and increased demands on the gradient switching systems.
It would initially appear difficult to alter the velocity of flowing blood (!::J.v) to decrease spin dephasing. In laminar flow however, there is a parabolic profile across the lumen with the fastest flow at the centre. Voxels that include a large volume, with differing velocities will encounter a number of phase changes that tend to cancel out. By decreasing the voxel size fewer velocities will be included leading to less phase cancellation.
Ideally therefore, MRA should be performed using short TEs, flow compensation and thin slices. A means of incorporating all these is by performing three-dimensional acquisition. Because the Z axis is phase encoded there are less demands upon the gradients therefore allowing flow compensation with short TEs. Thinner slices are also possible therefore fulfilling all three criteria for decreased signal dephasing. This method however is only suitable for imaging fast flowing, arterial blood. The decrease in TR required for three-dimensional imaging requires high velocities to produce flow related enhancement. In addition, slow flowing blood travelling through the imaging slab will be prone to saturation.
Imaging of slow flow is best performed using two-dimensional acquisitions. These are highly sensitive to slow flow. However this requires increased demands on the gradients in achieving thin slices, and when combined with flow compensation will inevitably result in an increase in TE. The voxel size is also increased using twodimensional methods.
The other major factor that can be manipulated to alter image contrast is saturation (apparent T1 lengthening) within the stationary tissues or the flowing blood. We have already seen how slow flow within a three-dimensional acquisition will become saturated as it passes through the slab. Similar saturation effects will also occur if blood flows along, rather than through, an image slice, as limited flow related contrast will be produced. This emphasizes the importance of scan orientation. Even arterial flow is prone to saturation as it passes through large imaging volumes. This can be minimized by increasing the flip angle the further through the slab the blood progresses so producing equal signal intensity despite increasing saturation. T1 shortening (signal enhancement) can also be achieved using paramagnetic contrast agents.w These have the advantage of demonstrating smaller, more tortuous vessels, though discrimination between arteries and veins becomes more complex. 11 Besides trying to increase flowing blood signal intensity improved contrast can be achieved by suppressing static tissue signal. Rapid pulse repetition (decreased TR) goes some way to achieving this on standard gradient echo sequences. Further improvement can be achieved by applying a selective 180 prepulsẽ rior to data acquisition which suppresses static tissue but not flowing blood. 12 Similarly, application of an off resonance RF pulse (MTC) causes further saturation of stationary tissue while having New imagingtechniques and arterial disease 111 less effect upon inflowing blood. 13 Differentiation between arterial and venous blood can be achieved by selecting imaging techniques that will highlight fast or slow flowing blood. Suitably placed saturation bands are usually required to ensure complete removal of unwanted flow.14 However, slow flow is prone to lose saturation and will therefore produce signal. This can be overcome by using saturation bands that travel with the slices so ensuring maximal saturation of unwanted flow.
Doppler ultrasound
The main advances in non invasive US vascular imaging and blood flow analysis have been the result of increasingly sophisticated technical developments in the exploitation of the Doppler effect. In ultrasound terms this is the ability to calculate the direction and velocity of packages of blood cells by the change in frequency of an ultrasound wave reflected from them.
A portable probe with an auditory output, used clinically to monitor an impalpable pulse, is a continuous wave instrument. This has separate adjacent transducers one continuously sending and the other continuously receiving signals along a narrow beam. Though useful this equipment cannot distinguish flow from separate sources (i.e. vessels) along its beam and gives no quantifiable information about the flow detected.
Dividing the ultrasound output into discrete pulses and then switching the receiver on for very short periods after each pulse allows small volumes of tissue along the beam to be separately interrogated for blood flow. The combination of this pulsed Doppler instrument with realtime grey scale image scanners produced the duplex system. The received ultrasound signals of unaltered frequencies are perceived as coming from static reflectors and mapped on a time delay equals depth basis to produce the twodimensional image. Superimposed on this is the variable size and depth sample gate from within which frequency-altered signals giving flow information are collected. Vessels can be identified anatomically on the image and flow information selected at selected points within the lumen. The visualized sample gate also allows correction for the angle of isonation and thereby conversion of the frequency shift (MHz) measured to a velocity estimate (em/sec) of the flow through the gate.
The maximum shift frequency f(max), and therefore velocity, which can be detected is limited to half the pulse repetition frequency (PRF). As each pulse must travel to the target and return before the next pulse is generated, this is, in tum, limited by the depth of penetration.
If f(max) exceeds PRF/2 the excess is seen on spectral analysis as wrapping around on to upper limits of the opposite sign scale. This aliasing may be overcome by increasing the PRF (some newer machines have a high PRF feature), increasing the angle of isonation, or reducing the transmission frequency (for example changing from a 7.5 to a 5 MHz probe).
The signal received actually contains additional unwanted elements of noise and various filters are applied to remove these such as the low frequency signal generated by vessel walls.
The resolution of the grey scale image depends on many factors but is ultimately limited by the generated frequency of the ultrasound probe. The higher the probe frequency the greater the image resolution. Unfortunately the attenuation of the ultrasound beam increases with increasing frequency limiting the tissue depth at which high resolution can be obtained.
However, within this limitation, the introduction of higher frequencies, with improved focusing, the development of wide aperture phased arrays and broadband digital delay lines have contributed to high resolution for superficial structures, particularly relevant to the imaging of neck and limb vessels. Even in the abdomen and pelvis where depth considerations limit probe frequencies to 3.5 and 5 MHz these advances have improved resolution and allow duplex scanning when vessels are not obscured by bowel gas.
Duplex scanning is a potent tool in vascular imaging and flow analysis but this area has been revolutionized by the development of colour Doppler imaging (COl). In COl, instead of the frequency shift information being obtained from a small gate and converted into an auditory output and or spectral trace, it is obtained from a larger area and displayed as a colour map overwritten on the grey scale image. The colour map is coded to indicate flow direction, most commonly red being flow towards and blue away from the probe, and frequency shift/velocity, scaled by hue variation or the addition of a broader spectrum of colours.
The colour data is collected from a variable size box demarcated by a white line superimposed on the image. Obtaining this information by re-interrogating the grey scale image with pulse waves, collecting the altered echoes, demodulating the information, colour coding and displaying this on the image in real time requires a finite time and the larger the COl area the longer required and the slower the frame rate. As in duplex scanning flow cannot be detected with angles of insonation approaching 90°and as vessels often lie parallel with skin surfaces this requires the introduction of such an appropriate angle. This can some times be achieved manually but in linear arrays this is achieved either by the introduction of an acoustically transparent wedge or by steering the colour Doppler pulse waves at an angle.
Again frequency shifts greater than PRF/2 (the Nyquist Limit) cannot be appropriately scaled but in COl aliasing is manifested as colour 'wrap around' with abrupt changes in the colour map to the extreme of the opposite direction flow scale. As long as it is recognized, this simply highlights velocity jets within areas of turbulent flow and facilitates placement of the sample gate if spectral data is required.
Problems may arise from other non-flow, movement within the field being displayed in colour, for example respiratory movement, transmitted vessel wall motion (especially around the aorta), and fluid movement within cysts and abscesses. Many scanners now incorporate sophisticated filters to remove these artefacts without losing vital low flow information.
Intravascular ultrasound (IVUS)
In the last few years advances in ultrasound miniaturization and catheter technology have yielded intraluminal vascular scanners for clinical use. As with their larger antecedents both mechanical transducers and static arrays have been developed. The basic principle of the mechanical transducer is of a single transducer with or without a tiny mirror sited at the end of a catheter along which runs a drive cable. Either the transducer of mirror is rotated rapidly (900 rpm) by an external motor drive to produce a 360 two-dimensional axial image. The array system produces a similar format image via a fixed ring of multiple transducers (32--64) with no moving parts. Both utilize high frequencies (10-40 MHz) which give very high resolution (100-250 ILm) and the correspondingly small fields which may be as little as 5 mm may be appropriate for their purpose. The mechanical devices have the advantage of higher acoustic power but the fixed arrays more suited to flexible catheter technology, allowing a central wire/injection lumen, and have better potential for incorporation into interventional devices.
Various systems for displaying, recording and manipulating the ultrasound image data are under development and recent reports of using software to allow three-dimensional images of arterial segments to be constructed from data derived by tWo-dimensional imaging while manually drawing the catheter along the vessel. 15.16 The advantage of IVUS is the detail it gives the arterial wall, of early atheromatous disease and of plaque morphology. Accurate measurements of vessel diameter, cross-sectional area and perentage stenosis are possible.!? It has been shown 10 coronary arteries postangioplasty that there is considerable residual atheroma with an average residual stenosis of 73% by area.P Angioplasty complications, such as intimal dissections, are also well demonstrated by IVUS. The incorporation of IVUS into angioplasty balloons and atherectomy devices has great potential. Prototype machines are under investigation. 19 There are currently still several disadvantages of IVUS. First, the inherently invasive nature of he technique which is likely to restrict its use to 1Oterventional procedures. Secondly, the current axial imaging techniques will only image lesions Which the IVUS catheter can cross, restricting its use in high grade stenoses. The development ?f forward looking transducers would greatly increase the techniques potential. Thirdly, there is the expense of the equipment and the catheters.
Modern imaging techniques in specific clinical conditions
Carotid insumciency . Non-invasive investigation of suspected carotid InSUfficiency with duplex US or more recently CDI, is an accepted method of both identifying the arterial lesion and quantitating the haemodynamic effect. For the best results these New imagingtechniques and arterial disease 113 investigations are conducted by trained technicians working in specialist vascular laboratories. In clinical practice, CT and MR have been mainly concerned with the examination of the brain. Angiography is widely used to plan surgery, but even with the newer DSA techniques there is continued concern over the risk and accuracy of the procedure. The risk for each patient depends on the age, technical difficulty and state of the neck vessels. In general it should be below a 1% incidence of stroke, but in 'at risk' patients may rise to 5%.20 The accuracy of arteriography has been questioned in cadaver studies.s! double reading studies 22 and in differentiating complete from incomplete stenosis.P
The extra cranial course of the carotid arteries, from the level of the clavicle to the base of the skull, is amenable to ultrasound examination. In most individuals this superficial position facilitates the use of high frequency 7.5 and 10 MHz probes giving superb grey scale resolution of the arterial segments, around the carotid bifurcation, the area most prone to atheromatous disease. Ultrasound can demonstrate the vascular anatomy, vessel tortuosity and vessel wall disease with or without luminal reduction. In addition, as US resolution has improved, efforts have been made to characterize plaque morphology with the aim of identifying a subpopulation of haemorrhagic lesions at higher risk of producing emboli. 24.25 Duplex scanning, real-time imaging with pulsed Doppler, has been shown in multiple studies and clinical practice to identify therapeutically significant stenotic disease of the carotid and threatens to displace the need for carotid angiography. 26.27 This position has been reinforced by the introduction of CDI. COl allows flow direction/velocity mapping over large sections of the arteries in real-time. This has overcome many of the limitations of duplex Doppler scanning. First, flow throughout the entire lumen is demonstrated, allowing anechoic or hypo-echoic plaque or thrombus difficult to visualize on grey scale imaging to be seen as a flow defects and very severe arterial stenoses to be distinguished from complete occlusions.
Secondly, the flow patterns in normal carotids such as flow reversal in the healthy carotid bulb, and varying flow disturbances at low and high grade stenoses are readily apparent (Figure 1) . Using CDI alone good correlation of stenoses compared with carotid arteriography have been achieved-" but the majority of workers continue to also characterize high grade stenosis with quantifiable spectral data . The rapid COl identification of the high velocity jets allows accurate siting, with appropriate angular correction, of the pulsed Doppler sample gate for subsequent spectral analysis. This replaces the painstaking interrogation of the poststenotic lumen which was previously necessary , making carotid scanning an easier technique to master and reducing the examination time by 40% in several studies (35 to 20 minutes) .29.3o The criteria for grading stenoses in our own unit are based on those described by Bluth et al. 31 and are given in Table 1 .
There remain limitations to US examination of the neck. These include an increased susceptibility to aliasing, the inability to register flow in the acoustic shadow of a densely calcified plaque and as in all US techniques, occasional problems with body habitus in which the field of view is critically reduced. These problems affect only a small number of patients and for the vast majority ultrasound could be the only extracranial imaging required in determining the necessity and nature of any therapeutic intervention. Reproducing these results in the community will require a great deal of work in ensuring there are no significa nt variations between different operators and ultrasound machines.
MRA offers the possibility of replacing both angiography and ultrasound with a reliable reproducible and easy to acquire test. Present studies show MRA to compare well with US and to offer the opportunity for a further reduction in percutaneous studies. 32,33 While the future for MRA of the neck would seem very promising, there are as yet no studies to show the combination of US and angiography can be replaced. 
Thoracic aortic dissection
When the condition of the patient permits MRA should be considered the best available imaging modality for aortic dissection.P Its multiplanar capability and lack of intervention makes it an ideal method of investigation. Besides being able to diagnose dissection, monitoring of the aorta following surgery, especially the behaviour of the false channel which often persists, and the dimensions of the aortic root can regularly be assessed. A recent study,35 comparing the dual, non-invasive imaging protocol of MRI and transoesophageal echocardiography, has shown both imaging techniques to be 100% sensitive for detecting aortic dissection irrespective of location. MRI, however, had a greater specificity (100%) than transoesophageal echo (68.2%), the false positive results using transoesophageal echo mainly seen in the more distant ascending segment of the aorta. In the acute setting MRI still has its drawbacks due to time of image acquisition which may be contraindicated, or result in image degradation, in patients who are unstable and restless. This can be overcome in part by decreasing the time for image acquisition. An ultrafast, magnetization prepared, gradient echo technique allows individual slices to be obtained in less than one second ( Figure 2 ). When this technique is combined with an intravenous injection of MRI contrast media, a first pass effect is achieved allowing discrimination of the true and false channels. The rapid scan sequence also results in total coverage of the aorta permitting detection of the exact site of origin of the dissection. Limited co-operation is required from the patient as the scan time is sufficiently fast to overcome blurring due to respiratory or cardiac movement. Imaging time is less than one minute, and the total time within the scanner can be as little as five minutes.
Abdominal aortic aneurysm MRI has been recognized as an accurate means of diagnosing and assessing abdominal aortic aneurysms from as early as 1985. 36 It was suggested at this time however, that MRI should not be seen as an alternative to cheaper, more accessible imaging techniques, such as ultrasound, in the diagnosis and follow up of aneurysms, but rather kept in reserve for preoperative planning of elective aneurysm surgery. This situation has not altered. While alternative imaging techniques (US and Cf) may be able to provide most preoperative information, such as outer wall dimensions of the aneurysm and involvement of the iliac vessels, the relationship of the aneurysm to branch vessels, renal and superior mesenteric arteries, coeliac axis, is often inadequately displayed due to the plane of imaging, i.e, axial , or technical factors (overlying bowel gas with US scanning). Conventional angiography, while good at demonstrating the vascular anatomy, may not show the aneurysm at all, as only intravascular flowing blood will be demonstrated. This is also a potential pitfall of MRA. As we have seen, vascular contrast is produced by the presence of flowing blood at the expense of saturating surrounding stationary tissues . MRA of aortic aneurysms with MIP postprocessing may therefore only demonstrate the flowing component of the aortic lumen so not demarcating the true outer wall of the aneurysm. This is overcome by reference back to the raw data slices or performing an extra sequence using spin echo techniques to provide a good morphological demonstration of the aneurysm. Tortuosity of the aorta and slow flow may make identification of the renal vessels and their relationship to the neck of the aneurysm difficult (Figure 3 ). MRA images acquired with various degrees of obliquity and the use of contrast agents in conjunction with fast scanning techniques may not only overcome this problem but allow preoperative imaging , in patients who may be unable to lie flat for long periods because of associated cardiac disease .
Aortic stenosis/occlusion
Severe aortic stenosis and complete occlusion of the aorta can be difficult to investigate using conventional angiographic techniques as the transfemoral route may not be practical. Alternative routes of arterial access may be more complex , uncomfortable for the patient and carry a higher complication rate. In the chronic or subacute setting, preoperative assessment requires a 'road map' indicating the site and extent of occlusion, and involvement of branch vessels. The noninvasive nature of MRA and ability to image in a plane that can show the whole aorta (i.e. coronal or saggital) may therefore provide a simple method of preoperative assessment in this subgroup of patients. Conventional gradient echo MR techniques have certain limitations. There is a tendency to overcall the degree of stenosis and even mis-diagnose severe stenosis as complete occlusion because of the effects of signal dephasing caused by turbulent flow distal to severe stenoses.P? In plane saturation and vessels with slow flow will also lose signal. Using these techniques the time of image acquisition may be prolonged , i.e. up to 30 minutes. These problems have been addressed using rapid imaging techniques and the use of contrast medium ( Figure  4) . These allow rapid, breath-held, images to be acquired, and the use of contrast improves vessel visualization and assessment of stenoses .P
Peripheral arterial imaging
While still considered a prerequisite to vascular surgical or percutaneous endoluminal interven-tionaI procedures in most units , the peripheral arteriogram is now being challenged by a combination of COl and MRA.
Figure4 MRA image of aortic stenosis
Although arteriography may give an accurate anatomical map of luminal compromise, in atherosclerosis it has many limitations, particularly a failure to accurately depict the functional significance of lesions-? and an inter observer error in assessing lesions from the same images .r'' The latter is reduced by biplanar imaging but this facility is not universally available. In addition arteriography is invasive, costly, requires irradiation and carries a small morbidity and mortality.
Duplex Doppler scanning is well documented as an accurate noninvasive mapping technique for lower limb arterial lesions with sensitivities and specificity's for occlusions and significant lesions (> 50%) over 90%. 41 ,42 Comparison against arteriography in aortoiliac and femoropopliteal segments shows a good correlative values, matching those between two radiologists reading the same arteriograrns.v' and both show similar levels of accuracy compared against intra-arterial pressure measurements."
The most discriminating US elements in documenting lesions severity is spectral analysis reflecting flow deformities at and around lesions. The classification criteria used in the vascular laboratory at our institution are given in Table  2 . An example of an abnormal trace is shown in Figure 5 .
These spectral features continue to be critical following the introduction of COL The iliac arteries, often partially obscured by bowel gas despite fasting and compression, are more easily identified with spectral analysis, as are the infrageniculate arteries. With appropriate gain settings colour flow more rapidly identifies anomalies for spectral analysis and advances in low flow sensitivity have improved the discrimination of very severe stenoses from complete occlusions. As a result examinations are more complete and examination times reduced to between half and one hour. 44 .45 Increasingly the object of investigation is to localize haemodynamically significant arterial discase to a particular arterial segment prior to angioplasty or other percutaneous intervention (angioscopy, laser, etc.) . Several studies show that duplex US or COl can accurately site lesions and select those appropriate for these therapeutic interventions thus dispensing with the traditional mapping arteriograrn.vv'? These studies have been performed using conservative criteria for PTA selection but in the future ultrasound guided arterial puncture may extend this approach.
The logical extension of these studies is progression to ultrasound guided interventional procedures and work on the development of appropriate balloon catheters and their use with ultrasound guidance has been reported.ss
COl has also a postsurgical role in the surveillance of grafts where flow deterioration due to anastomotic structure or distal stenosis may 
Figure 5
Doppler spectral waveform showinq a high peak systolic velocity due to a distant superficial femoral artery stenosis be asymptomatic until complete occlusion has occurred. Early intervention provoked by COl documented flow abnormalities has been shown to improve graft survival.49,50 MRA studies of lower limb ischaemia are not yet of sufficient quality to replace conventional or ultrasound techniques. If US guided intervention becomes commonplace, then the future for MRA might be limited. Some encouragement however, might be taken from the ability of MRA to show peripheral run-off in patients not considered operable at angiography. 51
Conclusion
The future will show further technical developments in minimally invasive surgical techniques and noninvasive radiology, Both these approaches represent a challenge for the vascular surgeon. MRA and US are complex subjects with an understanding of the physics involved a requirement for successful image interpretation. No surgeon can be happy to accept or operate on diagnostic information that cannot be understood. The ultimate fate of these powerful diagnostic toots may well depend on the surgeon's willngness to address the basic physics behind the Image, It is to be hoped that the diagnostic, therapeutic and economic benefits that could ensue from the replacement of angiography with noninvasive diagnostic tests are in fact seen.
